A novel fluorescence detector for high-performance liquid chromatography has been designed to minimize the instrumental limitations of conventional flow-through fluorometers. This unit contributes less than 5 tl to the "dead volume" of the chromatographic system. Sensitivity comparable to that of existing flow-through fluorometers has been attained without optimizing instrumental parameters. Performanpe of the unit has been evaluated with reference samples containing saccharides typical of glycosphingolipids. Future improvements are discussed.
In the search for a suitable detector for high-performance liquid chromatography (HPLC) such diverse phenomena as refractive index, heat of adsorption, electrochemical oxidation or reduction, conductance, flame ionization, ultraviolet, visible, and infra-red spectroscopy,mass spectroscopy,and fluorescencehave been used (1) . To date, however, no universal detector has been developed that issensitiveto low concentrationsand responsiveto allcompounds. In general, those that are nonspecific in their response have limited sensitivity and are useful only for milligram quantities or more. On the other hand, detectors capable of responding to nanogram or picogram quantities are usually very specific and extremely limited in the compounds they monitor. Fluorescence detectors are representative of this latter group.
In fluorescence measurements the wavelengths of both the exciting light and the emitted light can be selected so that these measurements can be highly specific. Fluorescence detectors are inherently more sensitive than those based on absorbance, because the measurement of fluoresced light involves the determination of changes in a single, relatively small signal rather than the measurement of small differences between two large signals.
The extreme specificity of fluorescence detectors has been partly overcome by using methods in which fluorescence is generated in proportion to the concentration of the nonfluorescent species. These techniques include the formation of fluorescent derivatives or the reaction of the compound of interest with a reagent so as to produce a third species that is fluorescent. In this way, for example, substances such as amino acids and saccharides have been monitored by using the luminescent properties of fluorescamine and cerium, respectively (2, 
3).
In addition to their high specificity, fluorescence detectors have limited applicability because of the many optical and physical problems associated with flowthrough cell design. The fundamental need to direct adequate excitation energy into a cell of small volume and subsequently to collect emitted radiation from this cell requires transparency on more than one axis. The situation is further complicated by the unfocused nature of the emitted radiation and the need to optically separate the two wavelengths. The chromatographic prerequisite of a small "dead-volume" in the detector makes all of these requirements very difficult to achieve. The resulting crowded flow cell is further encumbered by multiple reflections, refractions and, in many cases, fluorescence of adsorbed materials on the cell itself. Consideration of these shortcomings has encouraged a new approach to the basic measurement system of fluorescence and has led to the development of the novel free-falling drop (FFD) detector described in this paper.
Methods and Materials
Free-Falling Drop Detector Figure 1 is a schematic diagram of the detector. Eluent from a chromatography column enters the spherical detector chamber via a 22-gauge Teflon needle imbedded in the top of the brass sphere. The eluent forms uniform drops of a size that depends on fluid density, surface tension, and size of the orifice. A hole in the bottom of the sphere leads to a waste receptacle. Monochromatic light (260 nm) from a deuterium lamp (Beckman 96280) and a Beckman DU monochrometer (slit, 2 mm) enters the sphere through an equatorial opening. Directly opposite is a second opening connected to a short, closed tube, painted flat black on the inside surface so as to absorb excitation radiation and act in essence as a light trap. In contrast, the interior of the sphere itself is coated with a highly reflective material ("Scotchcal" Brand Films, Series 5400, supplied by 3M Co.) so that the detector acts as an optical integration sphere.
When a drop of the eluent passes through the excitation light beam, a pulse of scattered light is produced; this light intensity is detected by a side-window photomultiplier, PM1 (RCA 1P28), which is unfiltered and therefore responds to total light within the integration sphere. The output of PM1 is used to create timing signals for processing the fluorescence signal generated by a second photomultiplier,
PM2 (EMI 6255A). Light
striking PM2 passes through a filter that admits wavelengths from 320 nm to 395 nm, with approximately 40% transmission at 350 nm, the maximum emission wavelength of cerium (III).
The outputs from the two photomultipliers are connected to the amplifier shown in Figure 2 . The sample and hold and preamplifiers were selected for high impedance; the others are general-purpose operational amplifiers. PM1 responds to each drop that passes through the excitation light beam and indicates total light intensity within the detector. The output of PM1 is amplified and then serves as the input to a comparator that generates logic level signals. The output of PM2 is also amplified; however, it is then integrated and passed to a peak capture circuit whose output is proportional to the integral of the total fluoresced light as each drop passes through the excitation beam. The peak capture circuit is connected in turn to an analog holding circuit so that the peak capture circuit may be reset for the next drop.
Chromatographic System
The liquid chromatograph used in thisstudy duplicated an instrument previously described (3) , except for the following modifications. A solvent programmer was designed and added so that the column could be regenerated automatically.
The solvent programmer consists of three timers and valves controlling the flow of solvent to the pump from either the gradient maker, the limit buffer reservoir, or the initial buffer reservoir. The temperature of the column was maintained at 55 ± 1 #{176}C by a regulated resistive heater instead of a circulating water bath. The volume of the sample loop was 0.15 ml. The cerium reagent was delivered to the glass mixing tee with nitrogen rather than compressed air.
The oxidation conditions were identicalto those described in reference 3. Finally, the flow-cell fluorometer was replaced by the detector described above. N-acetylgalactosaminyl-$1--'3-galactosyl-a1-'4-galacthsyl-fl1---"4-glucose, was prepared by ozonolysis (4) of porcine erythrocyte globoside, which was isolated previously in this laboratory. A trisaccharide was similarly recovered from a glycosphingolipid, galactosyl-cs 1-"4-galactosyl-/31-#{247}4-glucosyl ceramide isolated from the kidney Qf a patient with Fabry's disease. 1 The distilled water supplied to the laboratory was redistified from a glass still and the twice-distilled water was then distilled from potassium permanganate.
Solutions
The 0.86 mol/liter sodium borate buffer (pH 8. The sample contained 75 nmol each of sucrose, lactose, globoslde tetrasaccharide. 013 trisaccharide, and 150 nmol of xylose and glucose In 0.15 ml of 86 nmol/liter (10%') borate buffer. The adIent maker initially contaIned 10% borate buffer in chamber 1, 30% borate buffer in chanter 2, 50% borate buffer in chambers 3 and 4, and 100% borate buffer in chambers 5 through 9. Each chamber contained 20 ml of solution. The solvent proammer was set to with&aw solvent from the -adlent maker for 16 hand then from the lImit buffer reservoir for 6 h -Suos. diluting 50, 150, and 250 ml of the 0.86 mol/liter borate buffer to 500 ml to prepare the 10%, 30%, and 50% buffers, respectively. Stock solutions of the saccharides were made by dissolving about 0.5 Eq of saccharide in 1 ml of water (1 Eq = 1 hexose residue). For injection onto the anion-exchange column, 10-to 20-id aliquots of the saccharide stock solutions were diluted to 1 ml with 10% borate buffer.
Results
The sensitivity of the FFD detector was evaluated in the area of our primary interest, separationof nanomole amounts of oligosaccharides, by monitoring the isocratic elution of 75, 375, 7.5,and 0.75 nmol ofsucrosefrom an Aminex A-27 anion-exchange column (150 cm X 2 mm i.d.) with 0.86 mol/liter sodium borate buffer (Figure 3) . The amplifier was calibrated by adjusting its output to 0.0 V while water dripped through a needle from a reservoir about 120 cm above the detector. Next, a solution of 0.25 mmol/liter cerium (III) chloride in 1.5 mol/liter sulfuric acid was passed through the detector and the gain of the fluorescence pre-amlifier was adjusted until each drop caused a 10-V peak signal. Finally, the output to the recorder was adjusted to 160 mV.
The chromatogram in Figure 4 shows the separation of a reference mixture of saccharides: 0.15 ml containing 75 nmol each of sucrose, lactose (Galfil-"4Glc), globoside tetrasaccharide (GalNAcfil-"3Galal--"4Gali9l--" 4Glc), GL3 trisaccharide (Galcsl-*4Galf3l--"4Glc), and 150 nmol each of xylose and glucose was applied to the column. Before injecting the sample, the anion-exchange column was eluted for 6 h with 0.86 mol/liter borate buffer and then for 6 h with the 10% borate buffer. The solvent programmer was set to withdraw 
I
solvent from the gradient maker for 16 h and subsequently from the limit buffer reservoir for 6 h. With the photomultiplier voltage set at 900 V, the signal/noise ratio was about 100. Sucrose, globoside tetrasaccharide, and GL3 trisaccharide are not well resolved with these chromatographic conditions. The first two peaks in Figure 4 are caused by these components, for which the relative retention times have not yet been determined.
To explore the range of excitation intensities that could be used with the FFD detector, we replaced the deuterium lamp by a 300-W xenon arc (EIMAC PS15O-8). With the more intense excitation energy, it was possible to reduce the photomultiplier voltage to 500 V. Under these conditions, 7.5 nmol of sucrose caused amplifier saturation with an increase in the signal/noise ratio.
Discussion
The resultsof preliminary evaluationof this detector have been most gratifying; sensitivity of about 10 nmol of a saccharide was attained without optimizing any of the instrumental variables,as shown in Figure 3 .The open geometric arrangement of the FFD detector permits improvements that are not possible with flowthrough detectors. For example, the FFD detector presents virtuallyno limitto the intensityof the excitationradiation,as illustrated by the xenon arc experiment. The intense excitation energy of the xenon arc made it possible to operate the photomultiplier at a lower voltage with a significant reduction in electronic noise. Preliminary experiments indicated that a gain in sensitivity of about 10-fold was obtained at this reduced dynode voltage. To use a xenon arc as a light source for the FFD detector, however, it will be necessary to correct for long-term fluctuations in the intensity of the arc. This could be accomplished by modifying the amplifier so as to integrate the ratio of the fluorescence signal and the scattered light signal. It would also be necessary to insert a filter in front of PM1 so that this photomultiplier would monitor scattered light only. An obvious increase in source intensity could be derived by using lasers whenever wavelength considerations permit. In any event, the opportunity to improve sensitivity by optimizing any one of a number of instrumental parameters for the FFD detector presents a new frontier in the application of fluorescence to HPLC.
Another asset of the FFD detector is its incorporation of an opticalintegration sphere, which makes the output of the detectorproportionalto the total lightfluoresced by each drop. This feature can be appreciated when it isrecognized that flow-through fluorometers normally detect only a fractionof the totalfluorescedlight. The integrationsphere affords a second advantage because the surface of the sphere may be chosen so as to minimize the intensity of the scattered light. For example, in this prototype the integrating sphere was coated with a material that strongly absorbs at wavelengths shorter than 345 nm and reflects at longer wavelengths. Thus, the interior of this FFD detector absorbs scattered excitation light (260 nm) and reflects emitted light (350 nm). In the future it may be possible to custom design FFD detectors so that the coating on the integration sphere shifts the wavelength of the emitted light by luminescence processes to the most favorable wavelength for detection.
A further significant advantage of the FFD detector over conventional detectorsisitsrelativeimmunity to the large detrimental effects that are oftenproduced by changes in the primary absorbance within flow-through cells. These changes often cause artifacts in the measuring system and can result in large errors in the observed light levels. In addition, internal reflections, refractions, and scattered light phenomena that occur at glass interfaces in flow-through cells are obviously eliminated with the FFD detector.
A possible disadvantage of the FFD detector is the fact that changes in the soluteconcentration or solvent composition may cause changes in the surface tension and viscosityof the eluent. These may in turn lead to subsequent variationsin the sizeof the drops passing through the detector.This effectcan be monitored by timing the intervalbetween drops. By empirically relating drop size to solute concentration, it should be possible to derive suitable mathematical corrections for the errors caused by this variable. Such corrections could be applied by an on-line or time-shared computer or by a microprocessor as data are collected. This feature might even be an asset because it makes possible the monitoring of solutes with adequate sensitivity by this means; hence the FFD detector would be not only a unique fluorescence detector but also a universal detector for HPLC. 
